The patatin multicopy gene family encodes the major storage protein in potato tubers and is organized as a single cluster in the potato genome. We sequenced a 154-kb bacterial artificial chromosome (BAC) clone containing a portion of the patatin gene cluster. Two putatively functional patatin genes were found in this BAC. These two genes are embedded within arrays of patatin pseudogenes. Using a chromatin immunoprecipitation method we demonstrate that the dramatic increase of patatin gene expression during the transition from stolons to tubers coincides with an increase of histone H4 lysine acetylation. We used 39 rapid amplification of cDNA ends to profile expression of different patatin genes during tuber development. The profiling results revealed differential expression patterns of specific patatin gene groups throughout six different stages of tuber development. One group of patatin gene transcripts, designated patatin gene group A, was found to be the most abundant group during all stages of tuber development. Other patatin gene groups, with a 48-bp insertion in the 39-untranslated region, are not expressed in stolons but display a gradual increase in expression level following the onset of tuberization. These results demonstrate that the patatin genes exhibit alterations in chromatin state and differential transcriptional regulation during the developmental transition from stolons into tubers, in which there is an increased demand for protein storage.
T HE patatin genes in potato encode proteins that compose up to 40% of the soluble protein in the tubers (Prat et al. 1990 ). Thus, the patatin protein family represents the primary storage protein in potato tubers and is a critical nutritional component. Patatin proteins also exhibit enzymatic function as lipid acyl hydrolases and have been demonstrated to have both plant defense and antioxidant activities (Strickland et al. 1995; Liu et al. 2003; Rydel et al. 2003; Shewry 2003; Sharma et al. 2004) .
It has been estimated that there are 10-18 copies of the patatin genes in each monoploid (12 chromosomes) potato genome (Twelland Ooms 1988) . Genetic mapping of the patatin genes indicates that all genes map to a single locus on chromosome 8 (Ganal et al. 1991) . The patatin coding regions are highly homologous with one another (in most cases, .90% nucleotide sequence identity) and most patatin proteins are immunologically and biochemically indistinguishable (Park et al. 1983; Mignery et al. 1984; Pots et al. 1999) . The similarities between patatin gene copies have made it difficult to study several aspects of this multicopy gene family using traditional molecular techniques, such as gel blotting and isozyme analysis. Therefore, many questions remained about this gene family, especially those related to genomic structure, organization, and transcriptional regulation of different patatin gene loci.
Patatin genes are highly activated following tuber initiation (Hendriks et al. 1991; Bachem et al. 2000) . Patatin genes are mainly expressed in tubers, with significantly lower amounts of transcripts observed in other tissues (Prat et al. 1990 ). However, patatin gene expression in nontuber tissues can be induced by sucrose treatment Wenzler et al. 1989a,b) . Therefore, the expression of patatin genes appears to be associated with the presence of sucrose, but sucrose is not believed to directly regulate patatin gene expression (Grierson et al. 1994) .
Several studies have focused on the molecular basis of patatin gene regulation. Pikaard et al. (1987) found that two classes of patatin genes, distinguished by the presence or absence of 22 nucleotides in the 59-untranslated region (UTR), are differentially expressed Sequence data from this article have been deposited with the EMBL/ GenBank data libraries under the following accession nos.: BAC 14K07, accession no. DQ274179; the 39 RACE sequence data, accession nos. DQ274180-DQ274460; the 401 bp of the 39 coding regions for patatin gene groups A-Q, accession nos. DQ274461-DQ274477; and the patatin complete CDS sequence data, accession nos. DQ274478-DQ274502. 1 in roots and tubers. Class I transcripts (lacking the 22 nucleotides) were found to be tuber specific while class II transcripts (bearing the 22 nucleotides) were found in both tubers and roots, but at a lower abundance than class I forms. GUS reporter assays have been used to localize the expression patterns of the class I and II promoters. These assays confirmed the discovery by Pikaard et al. and further revealed that different patatin genes may be expressed in different tissue and cell types (Prat et al. 1990) .
Further studies of patatin gene promoters revealed that a highly conserved 100-bp region containing two repeat domains, the A-box and the B-box, is critical for the regulation of class I patatin gene expression (Grierson et al. 1994) . The A-box and the B-box were observed to bind nuclear proteins that were speculated to be transcription factors (Grierson et al. 1994) . The protein believed to bind the B-box was recently identified (Zourelidou et al. 2002) . This DNA-binding protein, named Storekeeper, is thought to be a regulator of patatin gene expression, possibly acting as a transcription factor (Zourelidou et al. 2002) .
While much has been learned about the regulation of patatin genes as a family, no known studies have addressed the question of the specific regulation of different patatin gene copies. In this study, we attempted to better define the patatin multicopy gene family in terms of gene structure, organization, and transcriptional regulation during tuber development. Using a combination of cytological and molecular techniques, we have found that patatin genes occupy a single major locus per monoploid genome that may consist of many pseudogenes as well as functional genes. The transcriptional activation of patatin genes upon tuberization is accompanied by a change in relative histone H4 lysine acetylation. We have further found that the different copies within the patatin gene family exhibit differential expression patterns dependent on both tissue type and tuber development stage.
MATERIALS AND METHODS
Plant materials: A haploid potato clone USW1 (2n ¼ 2x ¼ 24) derived from potato cultivar ''Katahdin'' was used for bacterial artificial chromosome (BAC) library construction and fluorescence in situ hybridization (FISH) mapping. Potato cultivar ''Kennebec'' (2n ¼ 4x ¼ 48) was used for chromatin immunoprecipitation (ChIP) and all gene expression analyses. Kennebec plants were grown in a walk-in growth chamber at the University of Wisconsin (Madison, WI) Biotron. The plants were exposed to a 12:12-hr light:dark photoperiod under fluorescent and incandescent lights. Chamber temperature was 23.5°during light hours and 15.5°during dark hours. Relative humidity was held constant at 50%. Following shoot emergence, plants were given watering treatments with 0.53 strength Hoagland solution twice daily.
Sequencing and FISH mapping of BACs containing patatin genes: A BAC library was constructed from the BamHIdigested genomic DNA of haploid clone USW1, using published protocols (Song et al. 2000) . The BAC library was screened with radioactively labeled patatin cDNA clone pGM01 (Mignery et al. 1984) and patatin genomic clone PS20SB (Mignery et al. 1988) . Positive clones were fingerprinted as described (Tao et al. 2001) . One BAC, 14K07, was sequenced as described (Feng et al. 2002) . The BAC sequence was annotated for genes using a combination of ab initio gene finders and sequence similarity evidence (Yuan et al. 2002) . Gene finders used include Genemark.Hmm (Lukashin and Borodovsky 1998) , Genscan, and Genscan1 (Burge and Karlin 1997) . Genes with transcript evidence only were annotated as encoding ''expressed proteins.'' Genes predicted solely by ab initio gene finders were annotated as encoding ''hypothetical proteins.'' Sequence analysis and homology searches with known patatin genes were further performed using MegAlign software from the Lasergene '99 package (DNAStar, Madison, WI) . FISH mapping and image processing were performed as described ( Jiang et al. 1995) .
RNA isolation and gel blot analysis: Two biological replicates of 10 Kennebec plants each were grown sequentially in the same growth chamber. Plants were monitored periodically for signs of flower formation. Stolon tips and tubers were harvested from the entire population 3-5 days following the first indications of flowering in the chamber. All tissues were flash frozen in liquid nitrogen. Harvested tubers were measured in length prior to flash freezing. Tissues were divided into six groups: stolon (no tuber formation; stolon tips were harvested, including the apical tip and part of the subapical region), 1-to 5-mm tubers, 6-to 10-mm tubers, 11-to 15-mm tubers, 16-to 25-mm tubers, and 26-to 35-mm tubers. Larger tubers were not identified at the times of harvest.
Total RNA was isolated from tissue of each of the six tuber developmental stages by TRIzol extractions according to the manufacturer's instructions (Invitrogen, Carlsbad, CA) with only minor modifications. The aqueous TRIzol:chloroform extractions were precipitated with 0.5 vol isopropanol and 0.5 vol 1.2 m sodium chloride, 0.8 m sodium citrate solution. Purified RNA samples were treated with 2.5 units of DNase I and incubated at 37°for 15 min and then extracted with phenol:chloroform. Purified RNA samples were quantified and qualified using the Nanodrop spectrophotometer with version 2.5.3 software (Nanodrop Technologies, Montchanin, DE) and agarose gel electrophoresis analyses, respectively.
Total RNA samples from the two biological replicates of stolon and tuber tissues were used as targets for RNA gel blot analysis. RNA samples were run on a 1.2% agarose formaldehyde denaturing gel and transferred to Hybond1 nylon membrane (Amersham Biosciences, Piscataway, NJ). Patatin cDNA pGM01 (Mignery et al. 1984) and potato ubiquitin EST STMGC93 (provided by C. R. Buell at the Institute for Genomic Research) were used as probes. All probe DNA was 32 P labeled using the Strip-EZ DNA labeling system, according to the manufacturer's instructions (Ambion, Austin, TX). The gel blot membrane was prewashed in 65°Church buffer (7% SDS, 0.5 m Na2HPO4, 1 mm EDTA, pH 7.2) for a minimum of 1 hr. The radioactive probes were denatured and then hybridized to the membrane overnight at 65°. The membrane was sequentially washed with 23 SSC/0.1% SDS and 0.23 SSC/0.1% SDS and exposed to X-ray film and developed. The membrane was stripped and reprobed according to the Strip-EZ manufacturer protocol (Ambion).
ChIP and real-time polymerase chain reaction: Potato cultivar Kennebec plants were grown in walk-in growth chambers, as described above. Stolon tip and early tuber tissues (1-30 mm in length) were collected and flash frozen in liquid nitrogen. ChIP was performed essentially as described (Nagaki et al. 2003) , using an antibody specific to histone H4 lysine acetylation (lys 5, 8, 12 , and 16) (Upstate Biotechnology, Lake Placid, NY). Mock experiments using preimmunized rabbit serum served as nonspecific binding controls for each ChIP experiment. Real-time polymerase chain reaction (PCR) with specific primers was performed to analyze the relative enrichment of ChIPed DNA associated with histone H4 lysine acetylation in different genomic regions. All primers related to the patatin gene were designed from the BAC 14K07 sequence. Real-time PCR reactions and subsequent amplicon melting curve analyses were performed using the DyNAmo SYBR Green qPCR kit on a DNA Engine Opticon 2 real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA). The comparative Ct method (Livak and Schmittgen 2001) was adapted to determine the relative enrichment of each primer region. A non-patatin region within BAC 14K07 was used as the reference primer set (''PrimerReference'' in the equations below), as it displayed a lower enrichment of the H4 lysine acetylation vs. mock treatment DNA in both stolons and tubers. Relative enrichment of H4 lysine acetylation for each primer set (''PrimerX'' in the equations below) was calculated as follows:
where
The DCt PrimerReference values were derived from averaging two experimental replicates from the same ChIP DNA samples for stolons and tubers, respectively. The same DCt PrimerReference values for stolons and tubers were respectively applied in all primer RE calculations. For all other primers, DCt PrimerX values were determined for two experimental replications from the same ChIP DNA samples for stolons and tubers, respectively. These values were independently used to calculate RE. Standard deviations for each primer set were determined from the two experimental replicates. Real-time PCR was repeated for any experimental replicate pair with a Ct difference .1.0.
Gene expression profiling using 39 rapid amplification of cDNA ends: A universal patatin sense primer was developed for 39 rapid amplification of cDNA ends (RACE) analysis (details are provided in supplemental Figure 2 at http:/ /www. genetics.org/supplemental/). This 27-bp sequence (TGTTGCT CTCATTAGGCACTGGCACTA) was identified on the sense strand in the fifth exon, 401 bp before the stop codon in patatin genes. Single-stranded 39 RACE-ready cDNAs were generated from the total RNA of each of the six developmental stages of one bioreplicate of tuberization. The protocol for cDNA synthesis is as described by the BD SMART RACE cDNA amplification kit (BD Bioscience, Palo Alto, CA), except that Superscript III (Invitrogen) was used as the reverse transcriptase. All subsequent PCR reactions were performed with Promega (Madison, WI) Taq polymerase. PCR of the cDNAs using an intron-spanning patatin primer set (top primer, ACTGAAAT GGATGATGCGTCTGAGGCTAA; bottom primer, CCAAAAG GTTACATAATCCAAGCACACAT; annealing temperature 60°) was performed to verify the quality of the cDNAs and confirm the absence of DNA templates. RACE PCR reactions were performed according to manufacturer's instructions (BD Bioscience), using the 27-bp patatin universal sense primer and the SMART RACE cDNA amplification kit universal primer A mix. Nested PCR reactions were performed on these amplicons, using the patatin universal sense primer and the nested universal primer A as specified by the manufacturer (BD Bioscience).
The 39 RACE amplicons were cloned using the pGEM-T Easy Vector System II cloning kit (Promega). Clones with inserts of expected sizes (600-700 bp) were then used as templates in sequencing reactions. DNA sequencing templates were derived from either the colony PCR amplicons or plasmid DNA preparations. Sequence reactions using BigDye terminator chemistry (Applied Biosystems, Foster City, CA) were performed in both the forward and reverse orientation with M13 universal primers. Sequenced nucleotides were called independently by two software packages, Editview 1.0 (Applied Biosystems) and the SeqMan software from the Lasergene '99 package. Sequences and sequence assemblies were manually edited when appropriate.
The amplicon sequences were assembled into patatin groups on the basis of identical sequence matches, using MegAlign software from the Lasergene '99 package. Relative group mRNA abundance was estimated on the basis of the frequency of each group sequence per developmental stage. Sequence alignments of the groups were performed, using default settings with CLUSTAL X v.1.81 software (Thompson et al. 1997) . Phylogeny of the groups was analyzed by the neighbor-joining method with CLUSTAL X v.1.81 (Saitou and Nei 1987; Thompson et al. 1997) .
A PCR strategy was employed to generate sequence data for the complete coding region of some abundant patatin transcripts. A PCR primer matching a frequently observed motif in the 39-UTR of several patatin genes was designed: ATTTA CAACTACAACCCGAGACCTTGAAT. This primer and a nearuniversal class I patatin 59-UTR primer (CMAACAAAATTT AAAAACAMWTTGAACATTTGC, where M ¼ C and A and W ¼ A and T) were used to generate PCR amplicons of the complete patatin coding regions from the 1-to 5-mm and 26-to 35-mm tuber cDNAs. Amplicons were cloned into the pGEM-T plasmid vectors as described above. Plasmids were purified and then sequenced as described above.
RESULTS AND DISCUSSION
BAC clones containing patatin genes were mapped to a single location in the potato genome: We constructed a BAC library using a haploid clone (USW1) derived from potato cultivar Katahdin. The library consists of 43,008 clones. Pulsed-field gel electrophoresis of 20 random clones indicated that the average insert size is 120 kb (Bresee 2002) . On the basis of the clone number and average insert size, we estimated that this BAC library provides 5.2 times coverage of the potato genome (Bresee 2002) . Sixteen positive clones were identified initially when the BAC library was screened using patatin gene plasmids pGM01 and PS20SB as probes ( Figure 1A ). Restriction fingerprint analysis showed that these clones fall into two contigs, consisting of 8 and 3 clones, respectively. The remaining five BACs, which showed only a single band or few weak bands in gel blot hybridization, failed to align with either contig.
The potato genome is highly heterogeneous. It is not known if the separation of the two contigs is caused by the heterozygosity of the potato genomic sequences. To better understand their relationship, one BAC from each contig was labeled for FISH analysis. BAC 34O11 associated with contig 1 and BAC 9E06 associated with contig 2 were labeled with different colors and simultaneously hybridized to the metaphase chromosomes of potato haploid clone USW1. The two BACs were mapped to the same chromosomal location ( Figure  1B ). This FISH result indicates that there is only one major patatin multicopy gene locus per monoploid (12-chromosome) potato genome. Contigs 1 and 2 may represent separate patatin gene clusters within the same chromosome region. This is consistent with genetic mapping experiments that concluded that the potato patatin locus is divided into discrete domains (Ganal et al. 1991) .
Sequence analysis of a 154-kb BAC containing patatin genes: To gain a better understanding of the organization of the patatin genes we sequenced a BAC clone, 14K07, selected from contig 1. BAC 14K07 was selected for sequencing due to its large insert size (154 kb) and the high number of strong bands that hybridized to patatin gene probes in DNA gel blot analysis ( Figure 1A) . Annotation of the sequence of BAC 14K07 identified 11 genes related to patatin-coding regions ( Figure 1C ; Table 1 ) interspersed with several regions related to transposable elements (see GenBank accession DQ274179).
Both class I and class II patatin genes were found in BAC 14K07 (Table 1) . Upstream regions with similarity to known patatin gene promoters are present in 5 of the 11 patatin genes ( Figure 1C ; Table 1 ). Additionally, BAC 14K07 contains four regions with similarity to known patatin gene promoters, but they are not located immediately upstream of any patatin genes. We termed these regions ''naked'' patatin gene promoters. All 11 patatin genes have the same orientation ( Figure 1C) . However, only one of the naked patatin gene promoters is oriented in this direction; the other three naked promoters have the reverse orientation relative to the patatin genes. It is unknown if these reverse-orientated naked patatin gene promoters drive antisense patatin gene transcription.
Among the 11 patatin genes present in BAC 14K07, only 2 appear to be fully functional. One gene, StPat14K07.03 (Table 1 ; Figure 1C , region 3), has the appropriate patatin gene composition of seven exons and six introns (Bevan et al. 1986; Mignery et al. 1988) and does not contain any in-frame stop codons or frameshift mutations. This gene has a coding region that is nearly identical to several known patatin cDNAs. The second gene, StPat14K07.15 (Table 1 ; Figure 1C , region 15), is interrupted in the fifth intron by the BAC vector cloning site ( Figure 1C ), but contains no in-frame stop codons or frameshift mutations through the five exons present (Table 1) . Both of these putative functional genes have large regions 59 upstream of the putative transcription initiation sites that are similar to known patatin gene promoters. These promoter-similar regions include conserved CAAT boxes, core enhancers, and TATA boxes ( Table 1) .
The other patatin genes in BAC 14K07 appear to be structurally altered and/or truncated or contain inframe stop codons (Table 1) . These genes are incapable of encoding patatin proteins; thus we refer to them as patatin pseudogenes. The patatin multicopy gene family has long been known to contain genomic pseudogenes (Pikaard et al. 1986 ), which may have been functional genes prior to sequence degeneration. In general, sequences 59 upstream to each of the patatin pseudogenes in BAC 14K07 do not appear to have intact promoters. Most 59 upstream sequences are either unrelated to patatin gene promoters or only partially similar to known patatin gene promoters ( Table 1 ), suggesting that the pseudogenes are not likely transcribed. The pseudogenes with the greatest similarity to the patatin Table 1 . Vertical arrows indicate the approximate positions of the primers used for ChIP analysis; the letters above the vertical arrows correspond to the ''Position'' column in Table 2 . Promoter homology alignments were performed against several patatin promoters (GenBank nos. AY485645, X14483, X60396, X60397, X60399, X60398, X16046, and X17397). A-box and B-box are described by Grierson et al. (1994) . Patatin promoter CAAT box, core enhancer, and TATA box features are described by Mignery et al. (1988) .
b Class I and class II patatins are defined by the absence or presence of a 22-bp insertion in the 59-UTR (Pikaard et al. 1987) .
c Patatin exon homology alignments were performed against patatin GenBank accession X01125.
gene promoter are StPat14K07.08 and StPat14K07.10 (Table 1) . These two pseudogenes have 272 and 918 bp of promoter-similar sequence 59 upstream of the putative start codons, respectively. Both of these promotersimilar regions maintain some features that may promote pseudogene transcription, such as the CAAT box, core enhancer, and TATA box. However, these features are better conserved in the two putatively functional genes StPat14K07.03 and StPat14K07.15 (Table 1) . It is possible that the pseudogenes StPat14K07.08 and StPat14K07.10 were once functional patatin genes that have recently become pseudogenes. Therefore, promoter structural features are still present in these pseudogenes, which are not observed in the other patatin pseudogenes in BAC 14K07 (Table 1) . Sequence analysis of BAC 14K07 revealed a unique structure of the patatin gene family in which functional patatin genes are present within regions rich in patatin pseudogenes. This structure suggests that patatin genes may evolve by a mechanism similar to the birth-anddeath process described in plant pathogen resistance gene (R gene) cluster evolution (Michelmore and Meyers 1998) . Patatin pseudogenes may act as a useful source of allelic variation that can become functional through interallelic recombination and gene conversion events. Interestingly, patatin proteins have been implicated in plant defense responses (Strickland et al. 1995; Sharma et al. 2004) , which may explain possible structure similarities between the patatin gene family and R gene clusters. However, it remains unclear how individual patatin genes or clusters are selected for over the course of evolution and what selective pressures may dictate this process.
The abundance of patatin gene transcripts increases during tuber growth: Potato variety Kennebec was used for gene expression profiling of patatin genes from pretuberizing stolons to midgrowth tubers (Figure 2A ). Total RNAs from six developmental stages were collected and analyzed. RNA gel blot analysis was performed to determine the relative abundance of patatin gene transcripts during the different developmental stages of tuber growth. No visible signal was observed from the potato stolon RNA when a patatin cDNA clone pGM01 was used as a probe ( Figure 2B ). Reverse transcriptase PCR (RT-PCR) analyses indicated that the patatin genes were expressed in stolons (data presented below); however, the transcription level was insufficient to generate a strong visible signal on the RNA gel blot. RNA hybridization signals became visible at the onset of tuberization and increased in intensity throughout tuber growth ( Figure 2B ), indicating that the transcription of the patatin genes gradually increases throughout the early stages of tuber growth. Similar results, in which patatin gene expression is first detectable at tuber initiation and then subsequently increases throughout tuber growth, have previously been reported for in vitro tubers (Hendriks et al. 1991; Bachem et al. 2000) . Here we have confirmed these results with tubers grown in vivo.
Patatin genes exhibit enhanced histone H4 acetylation during tuber development: It has been recognized in numerous organisms that acetylation at the lysine residues of histone H4 is specifically associated with transcriptionally active chromatin (Strahl and Allis 2000) . To reveal the H4 acetylation dynamics of the patatin genes during tuber development we conducted ChIP analysis, using an antibody specific to histone H4 lysine acetylation. Immunoprecipitated DNAs were isolated from both stolon and tuber tissues (see materials and methods). A series of PCR primers were designed from different regions of BAC 14K07, including patatinrelated and non-patatin regions ( Table 2) . The primers were initially tested in PCR reactions on Kennebec genomic DNA templates; all primer pairs produced a single visible band of the expected size (supplemental Figure 1 at http://www.genetics.org/supplemental/). These primer pairs were then used in real-time PCR analysis of the ChIP DNA to assess the relative H4 lysine acetylation of the genomic regions in stolon and tubers, respectively.
We used a non-patatin gene primer pair ''a'' ( Figure  1C ; Table 2 ) as a reference for all other primers because this primer represents a region that displayed a low relative histone H4 lysine acetylation in both stolons and tubers and is thus effective as a negative control. The ChIP data showed that patatin gene-related regions generally have more histone H4 lysine acetylation than the reference non-patatin gene region ''a'' (Figure 3) . The histone H4 lysine acetylation level of patatin gene regions relative to non-patatin regions appears to be greater in tubers than in stolons (Figure 3 ). These results indicate that there are alterations in the histone acetylation pattern of patatin gene regions during the developmental transition from stolons to tubers. Furthermore, these changes in chromatin state coincide with the upregulation of patatin gene expression.
The different patatin gene regions exhibited variable levels of acetylation (Figure 3 ). Patatin exons 1 and 5 are highly enriched in the ChIPed DNA. Interestingly, the 39-UTR region displayed the greatest enrichment in both the stolons and tubers. The only patatin gene region that showed no obvious histone H4 lysine acetylation enrichment was the third intron. It has been well demonstrated in both plant and animal species that there may be significant variation of histone modification throughout different regions within a single gene (He et al. 2004; Schneider et al. 2004) . However, in the present study the regional variation in relative enrichment within individual gene copies needs to be interpreted with caution because the number of loci actually represented by each primer pair is unknown. For instance, exons tend to be more conserved than introns throughout the patatin gene family; thus multiple exon loci may be contributing to the PCR products in both the exon 1 and the 5 primer pairs; whereas the intron 3 primer pair is more likely to be specific to one or a few loci. Therefore, each primer pair may represent some range of patatin gene loci, and the relative enrichment observed may reflect the chromatin alteration within that range of loci.
The 39-UTR structure of patatin genes is correlated with differential expression during tuber development: We used 39 RACE to profile the expression of patatin genes preceding and throughout tuber development (see materials and methods). A universal patatin gene sense primer was developed for the 39 RACE analysis (supplemental Figure 2 at http://www.genetics.org/ supplemental/). We sequenced a total of 278 patatin 39 RACE amplicons, with a minimum of 43 sequences from each of six developmental stages. The amplicons can be broadly grouped into two categories on the basis of the presence or absence of a 48-bp region located in the 39-UTR (Figure 4) . The patatin genes reported in the literature and found in BAC 14K07 display either form of this 39-UTR (Table 3) . Therefore, the presence/ absence of this 48 bp appears to be a consequence of variation in the DNA template rather than of differential splicing in the 39-UTR. The stolon amplicons consisted exclusively of transcripts lacking the 48-bp region. A gradual increase in transcripts with the 48-bp region Figure 1C .
was observed from early through later tuber growth ( Figure 5 ).
The amplicon sequences were further subdivided into groups on the basis of sequence identity within the final 401 bp of the 39 coding region. The 39-UTR sequences were not included as criteria in these groupings due to the occasional occurrence of ambiguous sequence reads in these regions, in particular around the polyadenylated sequences. A total of 180 amplicons were grouped into 17 different groups that are designated patatin gene groups A-Q (Figure 6 ). Another 98 amplicons did not have any identical sequence matches. The predicted amino acid sequences of the 17 groups were aligned and analyzed phylogenetically (supplemental Figure 3A at http://www.genetics.org/supplemental/). There was a correlation between group sequence similarity and the presence/absence of the 48 bp in the 39-UTR (supplemental Figure 3B at http://www.genetics.org/ supplemental/). Therefore, the increased frequency of transcripts with the 48 bp in the later tuber developmental stages suggests that there is an associated shift in the relative abundance of certain patatin protein forms.
The cause and rationale for such a shift in different developmental stages remain unknown. Patatin genes show tissue-and cell-specific transcriptional regulation. Pikaard et al. (1987) divided patatin genes into two classes on the basis of the presence (class II) or absence (class I) of 22 nucleotides in the 59-UTR and determined that the two classes are correlated with the tissue specificity of patatin gene transcription. It was subsequently demonstrated that patatin gene promoters determine the cell-specific transcription of some patatin genes (Koster-Topfer et al. 1989; Rocha-Sosa et al. 1989; Wenzler et al. 1989b) . For example, a class I promoter showed transcriptional activity throughout tuber parenchyma cells , but expression of a class II promoter was limited to fewer and more specific cell types (Koster-Topfer et al. 1989) . The relative proportion of certain cell types will change throughout stolon and early tuber development (Artschwager 1924; Reeve et al. 1969) . Therefore, the transcriptional abundance of cell-type-specific patatin genes is probably, in part, determined by the relative abundance of cell types present at a given developmental stage. In the present study, this may explain the shift in later tuber development toward transcripts with the additional 48 bp in the 39-UTR.
The presence/absence of the 48 bp in the 39-UTR and the different 59-UTR classes characterized by Pikaard et al. (1987) appear to associate with gene expression in different ways. Previous studies showed that tubers express class I patatin genes 50-to 100-fold more frequently than class II forms, implying that tubers may silence certain patatin gene forms and selectively express forms with specific 59-UTR structures (Pikaard et al. 1987; Mignery et al. 1988) . However, in the present Figure 1C ). All data were standardized to the reference primer set for the primer pair (a). Error bars indicate the standard deviation of two experimental replicates from the same ChIP DNA samples. The horizontal dashed line represents a relative H4 lysine acetylation enrichment of 1, which is the baseline enrichment of the non-patatin (a) region. All values .1 indicate a relative fold increase of histone H4 lysine acetylation compared to the non-patatin (a) region (see Table 2 for real-time PCR primer information and supplemental Figure 1 at http:/ /www. genetics.org/supplemental/ for PCR primer pair quality assessment). study tubers expressed transcripts both with and without the 48 bp in the 39-UTR, while stolons expressed only the forms lacking the 48-bp sequence. This suggests that tuberization is correlated with activation of patatin genes with variable 39-UTR structures that appear to be silenced in stolons. Interestingly, on the basis of 59-UTR analyses Pikaard et al. (1987) suggested that a specific subset of patatin genes is predominant in tuber patatin expression, but our data suggest that tuber patatin forms become more diverse following tuber initiation and growth (also see Table 4 ).
It is unlikely that the 59-UTR class structure is associated with the presence/absence of the 48 bp in the 39-UTR. As stated above, class I transcripts are 50-to 100-fold more prevalent than class II transcripts in tubers (Mignery et al. 1988) . Therefore, we assume that the vast majority of our sampled 39 RACE amplicons are class I forms, including those with the extra 48 bp in the 39-UTR, which is approximately one-third of the transcripts in the later tuber developmental stages ( Figure 5) . Additionally, structural analysis of genomic clones and full-length cDNAs indicated that the 59-UTR class structure is not related to the presence/absence of the 48 bp in the 39-UTR (Table 3) . Patatin gene structures have been identified for all four possible combinations: class I 59-UTR with the 48-bp 39-UTR sequence, class I 59-UTR without the 48-bp 39-UTR sequence, class II 59-UTR with the 48-bp 39-UTR sequence, and class II 59-UTR without the 48-bp 39-UTR sequence (Table 3) .
The 98 patatin 39 RACE sequences that do not have any identical matches within the data set were designated as ''singletons.'' Five such singleton sequences (GenBank accessions DQ274223, DQ274236, DQ274254, DQ274326, and DQ274337) have frameshift mutations within the coding region, which may represent degenerated coding regions of transcribed pseudogenes or may result from experimental errors. Some singletons appear to be unique patatin gene transcripts, with several unique base substitutions and no codon frameshifts (for example, the sequence for clone ''PCR30'' in Figure 4 appears to be a very unique functional singleton). However, it is unlikely that all the singletons represent unique patatin genes. Sequence identity comparisons were made between the remaining 93 singleton sequences and the 17 patatin gene groups from this study. It was determined that 51 of the singletons (55%) had only one nucleotide mismatch from being identical to one of the 17 groups. This indicates that The 48-bp 39-UTR insertion/deletion region is also marked by arrows. ''PCR'' notation indicates that the amplicon was derived from a colony PCR template. ''Plas'' notation indicates that the amplicon was derived from prepped plasmid template. However, the template source should not affect the results (GenBank accession numbers for the displayed sequences: DQ274226, DQ274227, DQ274232, DQ274237, DQ274244, DQ274252, DQ274260, and DQ274266). many of the singletons may represent true group matches; however, they exhibit nucleotide polymorphism as a consequence of sequencing errors or PCR-induced mutations.
The most abundant patatin gene group remains dominant throughout tuber development: Despite the shift in transcript frequency correlated with the 39-UTR structure, patatin gene group A (GenBank accession DQ274461), which lacks the 48-bp 39-UTR insertion, is the most abundant patatin gene group in all stages of tuber development (Figure 6 ). We found that 99 of the 278 total amplicons are 100% identical to the patatin gene group A sequence throughout the terminal 401-bp coding region. However, it is unclear whether these transcripts are derived from a single locus or from multiple loci with identical sequences in the final 401 bp of their coding region. Patatin gene group A has no identical sequence matches in GenBank. The most similar sequence match is a class I patatin cDNA from a Korean potato cultivar (GenBank accession Z27221). This sequence is identical to 400 of the 401 coding bases in patatin gene group A and has identical sequence matches for almost the entire 39-UTR. The next most similar patatin gene match in GenBank is only 94% identical to the coding region of group A.
We used PCR to amplify and sequence the entire coding regions of the patatin gene group A transcript. We designed a primer matching the 39-UTR of several patatin gene groups, including group A (ATTTACAAC TACAACCCGAGACCTTGAAT), and a near-universal class I patatin 59-UTR primer (CMAACAAAATTTAAA AACAMWTTGAACATTTGC, where M ¼ C and A and W ¼ A and T) to amplify the entire coding regions of 1-to 5-mm and 26-to 35-mm tuber cDNAs. A total of 34 amplicons were cloned and sequenced. The entire coding regions were determined for these 34 clones; thus we refer to these data as patatin coding sequences (CDS).
Several different patatin CDSs were identified by this approach, including transcripts that match the terminal 401 coding nucleotides from patatin gene groups A, D, M, and J (Table 5 , GenBank accessions DQ274478-DQ274487). Additionally, 15 unique CDSs were identified (GenBank accessions DQ274488-DQ274502); these CDSs do not match any of the patatin gene groups identified by 39 RACE. All 34 CDSs, however, display perfect conservation of the patatin gene universal sense 27-bp priming region used for generating the 39 RACE libraries, further confirming the unbiased nature of the RACE profiling approach used in this study.
Nine CDSs matched the terminal 401-bp coding region of patatin gene group A (Table 5) . Seven of these nine CDSs were identical throughout the entire CDS and were thus designated ''patatin gene group A-1'' (GenBank accession DQ274478). Interestingly, the Pikaard et al. (1986) patatin gene group A-1 CDS is identical to the predicted coding sequence of gene StPat14K07.03 from BAC 14K07. The remaining two group A sequences each had one nonsynonymous nucleotide difference relative to the patatin gene group A-1 sequence and were thus designated A-2 and A-3, respectively (GenBank accessions DQ274479 and DQ274480). It is unclear whether these polymorphic bases represent true nucleotide variation or variation caused by technical error. Nevertheless, it appears that the patatin gene group A-1 sequence (supplemental Figure 4 at http://www.genetics. org/supplemental/) at minimum represents the majority of the group A transcripts. Thus, we propose that the patatin gene group A-1 represents the most abundant form of patatin found throughout tuber development in potato cultivar Kennebec. It would be interesting to know why patatin gene group A is so abundant throughout early tuber development. Patatin gene coding regions are highly conserved; however, patatin gene promoters are highly variable in terms of sequence motifs and structure. Different patatin gene promoters show variable expression abundance and localization in promoter-GUS fusion assays (Koster-Topfer et al. 1989; Rocha-Sosa et al. 1989; Wenzler et al. 1989b) . Therefore, it appears that the variations in patatin gene promoter sequence structure ultimately determine the activity and function of any given patatin gene. The patatin group A promoter may have features that confer the high activity of this gene(s).
Comparison of patatin and maize zein gene families: The zein gene family of maize is one of the bestcharacterized storage protein gene families. Extensive BAC-based sequence analysis has been conducted on the zein gene clusters (Song et al. 2001; Messing 2002, 2003) . Sequence analysis of BAC 14K07 indicates that the patatin gene clusters have similar structural features to the zein gene clusters. Similar to the patatin gene family, functional zein genes are interspersed with inactive zein genes (Song et al. 2001; Messing 2002, 2003) . These inactive forms have features similar to the patatin pseudogenes described above, including gene truncation, internal deletion, and premature stop codons (Song et al. 2001; Song and Messing 2002) . One extensively studied gene cluster, the 22-kDa a-zein cluster, is 346 kb in length and includes six active genes and 16 copies inactive due to in-frame stop codons (Song et al. 2001) . The zein gene density in this cluster is 1 copy per 15.7 kb. The BAC 14K07 sequence indicates that the patatin locus may have a similar patatin gene density and a similar ratio of active to inactive copies. Additionally, all active and inactive copies of the 22-kDa a-zein cluster are orientated with the same directional polarity (Song et al. 2001; Song and Messing 2003) , which is also true of the BAC 14K07 patatin gene copies.
The functional and structural similarities of patatin and zein gene families suggest that they may have experienced similar evolutionary pathways. As discussed above, patatin proteins likely have secondary functions, and evolutionary selection for these functions may explain the current patatin gene structure. The zein protein clusters have similar structural features to patatin, but have not been shown to have a secondary function beyond seed protein storage. This suggests that storage protein gene families may be under selective pressure directly for the protein storage trait. Differential gene expression of zein gene copies in different genetic backgrounds (Song and Messing 2003) and of patatin gene copies throughout tuber development supports the hypothesis that each protein storage gene copy may differentially contribute to the plant phenotype and is thereby subject to selection for protein storage function.
Sequencing of 39 RACE amplicons as a tool for transcript profiling of multicopy gene families: The analysis of transcriptional regulation of multicopy gene families is problematic in part because it is difficult to distinguish between gene copies with similar structure and sequence. Hybridization-based techniques, such as RNA gel blot or microarray analysis, cannot distinguish between the various transcripts from multiple loci. Quantitative real-time PCR is also of limited value for similar reasons; PCR primers may be difficult to design for individual gene copies due to the high sequence similarity among the different gene members. Song and Messing (2003) were able to profile the expression of the zein gene family in maize by cloning and sequencing PCR amplicons from zein gene transcripts. Using cDNA templates, they performed PCR reactions with primers that are conserved among all zein genes. Their PCR amplicons had sufficient internal polymorphism that allowed different gene copies to be distinguished by sequence analysis.
In this study, we were able to design one conserved patatin sense primer toward the 39 end of the transcript. However, we were unable to design a compatible antisense primer because of sequence divergence among known patatin gene transcripts in the compatible region. Therefore, the conserved sense primer was used to generate 39 RACE amplicons, essentially exploiting the polyadenylation tail as the antisense primer in the PCR reaction. The cloning and sequencing of these amplicons generated a data set from which transcripts could be analyzed and categorized on the basis of sequence identity and polymorphism. We were then able to utilize priming sites from the 39-UTR sequence of abundant transcripts and from a near-universal 59-UTR region to PCR amplify and sequence the complete CDS of the most transcribed patatin genes. Our results show that this strategy was effective in profiling the expression of the potato patatin gene family and can be potentially used to analyze other multicopy gene families. a 39-UTR primer, ATTTACAACTACAACCCGAGACCTTGA AT; 59-UTR primer, CMAACAAAATTTAAAAACAMWTTGAA CATTTGC. There is differential homology of these primers to potential cDNA templates (see text). Therefore these data should not be interpreted as an unbiased estimate of the relative frequency of each CDS.
b Unique CDSs have no identical matches to the patatin groups defined by the terminal 401 nucleotides or to any other CDS in this study.
